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Abstract 
 

Two lakes in northern Sweden were sampled for carbon dioxide (CO2), dissolved inorganic 
carbon (DIC), total organic carbon (TOC), total nitrogen (TN), oxygen (O2) and temperature 
in April and in May 2016. This to calculate budgets for the lakes as well as make comparisons 
and find what makes them differ. Morphometry, seasons and trophic levels were explored 
and found to potentially have different degrees of effect on concentrations. Morphometry 
showed noticeable spatial variance within and between lakes, meaning that more complex 
lakes will have different concentration throughout the lake compared to a simple 
morphometry which will not show this spatial spread. Different seasons showed variance in 
total concentrations rather than spatial variance. Levels of humic substances showed a small 
potential variance in total concentrations between the two lakes.  
The variances found were then used to determine whether one of two sampling methods were 
more valid than another. One strategy entailed sampling the deepest point only and let it 
represent the whole lake. The other used points spread out over the lake’s area, taking the 
morphometry of the lake into account. Initial results pointed to the second strategy being 
more accurate because of morphometry etc. however when considering things such as time 
and cost, the reasonableness of this strategy may not be favorable depending on the aim of an 
eventual study. 
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1 Introduction 
 

1.1 Background  
With the climate changing at a rate faster than normal, understanding of the dynamics 
behind it is more important than ever. The global warming has many factors contributing to 
it, but one of the most important of these factors is the greenhouse effect. As radiation from 
the sun enter the atmosphere and makes contact with the earth, some is reflected back into 
space. Some may also be intercepted by gases called “greenhouse gases” in the earth’s 
atmosphere, making the air warmer. One important gas in this system is carbon dioxide 
(CO2) which is being emitted at a faster rate than is natural by for example combustion of 
fossil fuels. When concentrations of CO2 rise, warming of the climate accelerates as a result 
(Anderson et al. 2016). 
Apart from the additional CO2 from anthropogenic sources, natural sources of the gas, and 
particularly its main components oxygen and carbon, exist throughout the environment. In 
the soil, in living organisms and in earths waters. Substances transfer to and from the 
different sources by different processes which causes dynamic cycles which can be disturbed 
or otherwise altered from changes in climate or other anthropogenic activity. Lakes are part 
of these cycles and are sensitive to changes in climate and other disturbances. As they hold 
CO2, among other substances, they are important systems for understanding dynamics of 
different substances and their importance for the lake itself and for climate change (Algesten 
2005). 
 
1.2 Gain and loss of substances 
CO2 concentrations in lakes depend on a large number of factors. Most boreal lakes are 
supersaturated with CO2, meaning that more CO2 exists within the lake than can be dissolved 
in the water (Huotari et al 2009) which may be a result of a low ratio of primary production 
in the lake and respiration (Sobek et al 2003), but individual lakes may differ widely in 
concentration (Riera et al. 1999). 
 
The gas may enter the lake through terrestrial sources, such as runoff through inlets or from 
groundwater, by production within the lake through respiration of organic material (Riera et 
al. 1999 and Karim et al 2011). Input of allochthonous (non-indigenous) organic matter from 
inlets which mineralizes within the lake by heterotrophic bacteria also affect CO2 levels in the 
water (Åberg 2009, Sobek 2005 and Algesten et al 2003). Bacteria also operate on the 
bottom of the lake, within the sediment, where respiration caused by these releases CO2 into 
the water body (Sobek 2005).  
 
Invasion from the atmosphere may also affect CO2 concentrations (Riera et al. 1999). 
Based on parameters, such as partial pressure of CO2 or coverage of ice, an exchange of CO2 
takes place between the water and the atmosphere. An equilibrium between the lake water 
and the atmosphere takes place where CO2 is released to the air or dissolves into the water 
(Wetzel 1983 & Sobek 2005). What determines the direction of the exchange (to water or to 
atmosphere) is largely concentration of CO2 in the water and wind speed (Riera et al. 1999). 
This is how lakes, or water surfaces overall, contribute to the amount of greenhouse gases in 
the atmosphere (Denfeld et al 2016).  
 
The concentration of CO2 in the water is also affected by the carbonic acid – CO2 equilibrium 
where the species of inorganic carbon is determined by pH. Depending on the lakes pH level, 
different reactions take place which lead to different fractions of the species such as CO2 or 
carbonic acid (H2CO3) which then dissociates into carbonates (HCO3

-and CO3
2-) quickly due 

to the weakness of the acid. At low levels of pH, which is quite common in lakes in northern 
Sweden, free CO2 dominates while at high levels the carbonate ions are more common 
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(Wetzel 1983). This equilibrium is important for the understanding of the carbon dynamics of 
a lake.  
 
Concentrations may also vary with loss of CO2. This can happen by loss to the atmosphere if 
the direction of gas exchange allows it or by oxidation of CH4. CO2 may also leave the water 
via transport through outlets or by photosynthesis of phytoplankton (Riera et al. 1999). These 
factors contribute to the dynamic of CO2 between the air and water and depending on the 
difference between them, CO2 may leave or enter the water (Sobek 2005).  
 
The above-mentioned processes that result in gain and loss of CO2 happen simultaneously 
which can make a lake either a source or sink of CO2 depending on which process is dominant 
at the time (Cole et al 1994). 
 
Seasonal changes have an effect on concentrations as well as spatial variance throughout the 
lake. In humic lakes situated in colder regions mixing occurs at different times of the year, 
which can affect gas exchange when CO2 may become inaccessible in deeper waters compared 
to clear lakes where mixing may not be as noticeable or are absent (Riera et al. 1999). In the 
boreal region ice covers the lake during the winter months which prevents mixing when solar 
radiation is apprehended and heatfluxes don’t occur (Denfeld et al. 2015). The dynamics of 
CO2 concentration may therefore differ between clear and humic lakes. 
 
Apart from greenhouse gases, a multitude of substances exist in lakes. Dissolved inorganic 
carbon (DIC), which include dissolved CO2 as well as carbonates (HCO3 and CO3), exist in 
lakes and can end up there through precipitation, weathering of soil or with help of the CO2 
exchange with the atmosphere described above (Górka et al. 2011).  
 
Other than inorganic forms of carbon, organic forms also exist. Total Organic carbon (TOC) 
appears in lake water by transport via runoff from throughout the catchment as dissolved 
organic carbon (DOC). A smaller part comes from dead organic material whithin the lake 
(detritus) (Larsen et al. 2011). Another way for organic carbon to enter the lake is as humic 
substances which come from decomposition of plant life (Steinberg 2003). 
 
Nitrogen is also an element that exists in lakes. It may enter the lake for example through 
runoff (with groundwater or inlets) or precipitation and leave the water by sedimentation or 
via an outlet (Wetzel 1983). Boreal lakes are important to the nitrogen cycle as well because 
of the organic matter entering soil and water in this area (Huttunen et al. 2003). 
 

1.3 Importance of budgets 
Sampling these different substances and calculating concentrations, pools and other 
important factors it becomes possible to understand the dynamics of the lake in question. 
Compiling these different factors can be used to determine what state a lake might be in, for 
classifying it or as a ground for deciding upon countermeasures if necessary. It may also 
describe grade of resistance to, or effect of, anthropomorphic activity (Pacheco et al. 2013). 
Understanding the impact lakes have on the carbon cycle is also important for understanding 
climate change as a whole (Lundin 2014). Fundamentally, budgets are important for 
scientific study. A lake’s budget may be indicative of the surrounding catchment and its 
properties. 
 
In order to obtain the substances described above in an adequate way, sampling becomes 
important. Sampling lakes in Sweden has been done in one way for a long time, where the 
deepest point of the lake is sampled at every meter from surface to bottom and is made to 
represent the lake as a whole.  
 
The purpose of this paper is to determine whether this method is reasonable for a whole lake 
or if another method is better suited. The second method that is explored uses the same 
principle as the common one, but instead of sampling only the deepest point, sampling points 
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of varying depths are used over the lake’s whole area and averages will be used for 
calculation. This method may take things as morphometry into account as levels may differ 
throughout lakes with different shapes and depth profiles.  
Both methods will be performed and the resulting calculations will be compared to determine 
which method is more suitable. Accuracy and cost are the main parameters that are 
considered during comparison. Apart from concentrations and pools of the lakes, spatial and 
vertical variance will be explored. Seasonal variance will also be investigated by sampling 
under ice and when the lakes are ice free. 
 
 

2 Materials and methods 
 

2.1 Study sites 
Two lakes were used for the experiment, both situated in northern Sweden. These lakes are 
named Nästjärn and Stortjärn. The lakes have different shapes, depth profiles, volumes and 
size. Stortjärn is a humic lake, while Nästjärn is more clear, although still humic which can be 
seen through the levels of TOC in the lakes (Table 3). Both lakes are surrounded by forest, but 
Nästjärn is situated by a small forest road close to the community Örträsk (coordinates 
64°09'01.1"N 18°48'00.1"E). Stortjärn is situated about two kilometers into the forest close to 
the research area Svartberget, Vindeln (coordinates 64°15'41.8"N 19°45'42.4"E). Nästjärn is 
the smaller lake and the depth profile resembles a bowl shape with one single deepest point 
(Figure 1). The deepest point is 10,5 meters in depth, the area is 10268 square meters (m2) 
and its volume is 38615 cubic meters (m3). Stortjärn is larger and has a more irregular depth 
profile (Figure 2). There are three different deep points and approximately in the middle of 
the lake is an island. This area with a much shallower depth is what separate different basins. 
The largest depth in this lake is about 7 meters, its area is 41921 m2 and the volume is 102959 
m3. Depth and volume data was provided by Marcus Klaus at the department of Ecology and 
Environmental Science at Umeå University. 
 

2.2 Preparation for field work 
Bathymetric maps of both lakes were acquired. Lakes were divided into sampling sectors 
using these maps, the shapes of the lakes and the depth profiles. Based on the different 
depths of the sampling points, different numbers of sampling depths were decided between 
two and five sampling depths depending on the topography of the lake bottom. The points 
were named after sector and how many sampling depths were to be used (for example A3 
meaning sector A and three sampling depths). Nästjärn was given three sectors with three 
sample points each (Figure 1), resulting in nine sampling points and 34 total samples to cover 
as much of the lake area as possible and to acquire a good representation of the different 
depths in the lake. The same was done for Stortjärn, however because of the larger size, five 
sectors were chosen, meaning that 15 sampling points and 50 samples were used (Figure 2). 
For point sampling the deepest point was identified using the maps and were sampled at 
every meter toward the bottom. 
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Figure 1. Bathymetric map of Nästjärn and its sectors containing sampling points. White circles indicate 
individual approximate sampling points. 
 

 
Figure 2. Bathymetric map of Stortjärn and its sectors containing sampling points. White circles indicate 
individual approximate sampling points. 
 

For calculation of budget of the lakes a few different parameters were sampled; for every 
sample site and depth CO2, O2 and DIC were to be sampled, for each sample site TOC and TN 
were sampled, once for each lake an air sample was taken and air pressure was measured.   
For each sample site a 50-ml tube was used for total organic carbon (TOC) and total nitrogen 
(TN). 22 mL glass vials were used for sampling DIC and CO2. The vials used for DIC were 
prepared by filling them with 50 µl hydrochloric acid with 2.0 molarity and then closed with a 
rubber stopper and an aluminium lid. The vials were then flushed with nitrogen gas for three 
minutes each to eliminate as much carbon as possible from the vials.  
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The CO2 vials were prepared in the same fashion as DIC vials, but were not filled with acid 
before closing.  
 
2.3 Field work and lab analysis 
Sampling occurred twice for each lake, once under ice in April and once after the ice had 
melted in mid to late May. Both the method where the deep point was sampled exclusively 
(will from now on be called Point sampling strategy) and the method where the whole lake 
was sampled (will be called Spread sampling strategy) were performed on each lake and 
occasion. For the sampling under ice, an ice drill was used to make holes in the ice for each 
sampling site. Before sampling, a weight on a rope marked at every 50 cm was used to 
determine depth of the site.  
 
The oxygen levels were then measured as well as the air pressure using an YSI-ProODO 
oxygen probe. Oxygen was measured in mg/L and air pressure in atmospheres (atm). Then 
the water sampling was carried out using a Ruttner sampler where water samples were taken 
at each depth according to what had been decided upon during preparation and put into 
plastic bottles. 
 
Syringes were used to transfer water from the bottles to the DIC vials.  
CO2 levels at Nästjärn under ice were measured with a Vaisala CO2 probe where water was 
pumped through a semipermeable membrane which was in contact with a closed air volume. 
When pumping water through this membrane an equilibrium is formed between water and 
air. Lastly the air passes through an infrared detector and the concentration is displayed in 
ppm (parts per million).  
 
The strategy for subsequent samplings of CO2 was the use of a so-called headspace technique. 
This technique entailed that water samples were poured into 500 mL glass bottles with 
stoppers which had two taps. Then, using two 50 ml syringes, water was taken out of the glass 
bottle through one tap while air was pumped into it through the other. The taps were closed 
and the bottle was shaken for one minute to induce an equilibrium. After shaking, 40 ml of 
water was put back into the bottle and air was taken out. Finally, the air sample was put into 
the CO2 vials using the same strategy as with the glass bottles, air was pumped in using the 
syringe containing the air sample as air was being taken out at the same time, this to preserve 
the pressure inside the bottle.  
 
The TOC/TN samples were taken at depths as close to the oxycline as possible for 
consistency’s sake. Water was poured into the TOC/TN tube from the plastic bottle.  
Finally, a GPS was used to mark each spot so that the sites could be found easily during the 
second sampling. Sampling after the ice had melted was carried out in the same way, with 
exception of not needing to drill holes in the ice. Instead, the sapling was done by boat. 
After samples were recovered, all samples were analyzed in lab conditions for determination 
of each needed parameter which made budget calculation possible. 
 
The CO2 and DIC samples were analyzed using a gas chromatograph (Clarus 500, Perkin 
Elmer) which was calibrated with two reference gases. When analyzing TOC and TN levels an 
IL 550 TOC analyzer (brand Hach) was used. This was calibrated using known 
concentrations of phthalate and ammonium nitrate.  
 
2.4 Calculations 
The CO2 values from the chromatograph were converted to ppm using the ideal gas law 
(PV=nRT) and then into µM using the temperature dependent Henrys constant multiplied by 
the ppm levels. Since CO2 was measured using a different method for the first sampling in 
Nästjärn and were given in ppm, the levels needed only be converted from ppm to µM with 
Henry’s constant. When calculating the levels of CO2 and DIC with the Spread sampling 
strategy the average for each depth was used. 
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The lake volume was divided into different strata where each sample represented the value in 
the volume between it and the next.  
 
The concentrations of CO2 and DIC were volume weighted, meaning that the volumes at each 
depth were used so that the values could represent each of the strata. This was done by first 
calculating the share of volume each stratum contained by dividing the volume of the strata 
in question with the total volume of the lake. Then the calculated averages of the values at 
each depth were multiplied by this volume share. Volume weighted averages were then 
calculated as the sum of the values from the different strata. A range of uncertainty was 
calculated using standard deviations. Initially, minimun and maximum errors were 
calculated by subtracting the standard deviation from, or adding it to, the calculated non-
volume weighted average (subtract for minimum, add for maximum). The result from this 
was then multipied with the volume share. After summing these up the uncertainty range was 
obtained. TOC and TN levels were obtained by calculating the average in each lake and 
occasion, applying standard deviation and creating an uncertainty range from the standard 
deviation. 
 
Calculation of levels for the Point sampling strategy was done by using the measured 
concentration from the deepest point and applying volume shares for each stratum. 
 
Saturation of O2 was also calculated, this by first using a table found in Limnology by Wetzel 
(1983) describing O2 solubility in water at different temperatures. This table was made into a 
graph and the equation from the trendline (ax2 +bx + c), x being the measured temperature 
in the field and constants being those acquired from the trendline of the graph. The different 
variables were used to calculate what the concentration would be at 100% saturation. The 
measured concentration was then divided by the calculated one and lastly multiplied by 100 
to obtain a percentage of O2 saturation. 
 
Pools were calculated by first multiplying the calculated concentrations with the volume of 
the lakes to obtain the amount of substance in the whole lake, the values were then divided by 
the lake area and thusly the pools of the different substances within the two lakes were 
acquired. When calculating pools using CO2 and DIC, the concentrations were converted to 
mg/L from µM and only the carbon from each substance was used in the calculation. 
 
Sector averages were also calculated, this to see differences between the sectors and thusly 
determining whether morphometry plays a part in substance dynamics in the lakes. This was 
done by taking average values for each sector and applying uncertainty ranges with the help 
of standard deviations. 
 
Lastly, coefficients of variance (CV) were calculated for easier comparison of spread between 
lakes and occasions. This was calculated by dividing the standard deviation with the average 
and multiplied by 100. The coefficient is then obtained as a percentage. 
 
 

3 Results 
 

3.1 Lake conditions; O2 saturation and temperature profiles 
In the graphs below (Figures 3-6) the O2 saturation and temperature profiles of both lakes 
during the two different occasions are displayed. The saturation of O2 (Figures 3-4) ranges 
from 0% close to the bottom in both lakes to over 100%, a supersaturation of O2, this 
occuring closer to the surface and observed in Nästjärn during the ice-free period. The 
temperature profiles during the ice covered period range from <1 degree Celsius (°C) close to 

the surface to ~4°C closer to the bottom. After the ice had melted the profiles ranged from 
~5°C at the bottom and 10-12°C close to the surface. These trends are observed in both lakes 
at both occasions. 
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Figure 3. O2 saturation of Nästjärn from under ice (left) and ice free (right) with increasing depth. Each line 
represents one sample site. 
 
 

  
Figure 4. O2 levels of Stortjärn from under ice (left) and ice free (right) with increasing depth. Each line represents 
one sample site. 
 

  
Figure 5. Temperature profiles of Nästjärn from under ice (left) and ice free (right) with increasing depth. Each 
line represents one sample site. 
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Figure 6. Temperature profiles of Stortjärn from under ice (left and ice free (right) with increasing depth. Each 
line represents one sample site. 

 

3.2 Concentrations, pools and variance 
The results from analysis of CO2 and DIC are presented in the tables below (Tables 1 and 2).  
Table 1 describes the volume weighted concentrations of CO2 and DIC in µM as well as a 
CO2/DIC ratio. Both lakes as well as sampling strategies and occasions are represented. The 
uncertainty range is also displayed for the spread sampling data. 
 
Table 1. Summary of calculated, volume weighted concentrations of CO2 and DIC as well as a ratio between them 
for each occasion and sampling method. 
 

Lake State Method CO2 (µM) DIC (µM) CO2/DIC ratio 

Nästjärn Ice-cover Spread 333±16 425±48 0,78 

  
Point 317 382 0,83 

 
Ice-free Spread 174±28 391±17 0,45 

  
Point 191 403 0,47 

Stortjärn Ice-cover Spread 370±85 606±141 0,61 

  
Point 314 726 0,43 

 
Ice-free Spread 207±65 293±32 0,71 

  
Point 218 310 0,70 

 

Concentrations of both CO2 and DIC show difference between the lakes. Stortjärn, the more 
humic lake with a more complicated morphometry, generally show higher concentrations of 
both substances than the slightly clearer and morphometrically simpler Nästjärn. One 
exception is DIC concentrations during the ice-free period where Nästjärn shows a higher 
concentration (391±17 µM vs. 293±32 µM).  
 
The CO2/DIC ratios also differ between the lakes. In Nästjärn the ratio is higher under ice 
and lower when ice-free. In Stortjärn the trend is reversed as ratios are lower under ice and 
higher when ice-free. Nästjärn contains both the lowest (0,45) and highest (0,78) spread 
sampling ratios and Stortjärn’s values fall within this range (0,61 and 0,71) which gives 
Nästjärn a larger range compared to Stortjärn. 
 
Table 2 below describes the non-volume weighted averages of CO2 and DIC concentrations 
for each sector in both lakes and during both occasions. Concentrations are again displayed 
in µM and uncertainty ranges are present. 
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Table 2. Summary of averages of CO2 and DIC concentrations between sectors for each lake and occasion. 

 
 

 

Ice-cover   Ice-free   

Lake Sector CO2 (µM) DIC (µM) CO2 (µM) DIC (µM) 

Nästjärn A 294±91 378±104 96±91 283±177 

 
B 293±70 352±126 93±98 256±153 

  C 357±119 439±130 189±168 394±252 

Stortjärn A 516±320 847±392 243±170 357±227 

 
B 258±165 490±107 138±106 164±60 

 
C 306±213 543±171 151±119 230±139 

 
D 350±125 627±146 202±111 296±149 

 
E 412±178 743±244 274±188 427±251 

 
 

In Nästjärn, concentrations of both CO2 and DIC are similar when the uncertainty ranges are 
considered. Larger differences are present between occasions as CO2 concentrations lower in 
all sectors after the ice had melted. Stortjärn however shows a more varied range of 
concentrations of both substances between sectors, for example between sectors A and B 
(516±320µM and 258±165µM respectively) where the concentrations may fall outside of the 
other’s uncertainty range. 
 
The next table (Table 3) displays average concentrations (not volume weighted) of TOC and 
TN as well as TOC/TN ratios in both lakes and during both occasions. TOC concentrations 
are displayed in mg/L while TN is displayed in µg/L. Uncertainty ranges are present for both 
substances as well.  
 
Table 3. Summary of calculated average concentrations of TOC and TN as well as a ratio between them for each 
occasion. 
 

Lake State TOC (mg/L) TN (µg/L) TOC/TN ratio 

Nästjärn Ice-cover 8±1 432±73 18 

 
Ice-free 8±1 367±86 21 

Stortjärn Ice-cover 21±4 553±51 38 

 
Ice-free 20±1 447±41 44 

 

TOC concentrations within the lakes are largely unchanged between occasions, but Stortjärn 
has the higher concentrations of TOC. Differences in TN concentrations are more noticeable 
within lakes as concentrations lower between occasions in both lakes. TN concentrations are 
higher in Stortjärn as well. TOC/TN ratios in both lakes are at their highest during ice-free 
conditions and Stortjärn generally describe higher ratios than Nästjärn. 
 
Table 4 shows sector averages of TOC and TN concentrations in both lakes and during both 
occasions. Values are again displayed in mg/L and µg/L respectively and uncertainty ranges 
are present. 
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Table 4. Summary of averages of TOC and TN concentrations between sectors for each lake and occasion. 
 

  

Ice-cover   Ice-free   

Lake Sector 
TOC 
(mg/L) 

TN 
(µg/L) 

TOC 
(mg/L) 

TN 
(µg/L) 

Nästjärn A 8±1 423±83 8±1 373±88 

 
B 7±1 467±99 7±0,3 298±18 

 
C 8±1 407±42 8±1 429±93 

Stortjärn A 26±6 575±40 22±0,4 480±21 

 
B 26±2 554±21 20±0,3 482±29 

 
C 19±1 474±28 19±1 433±39 

 
D 25±1 593±43 20±1 415±17 

 
E 24±1 570±17 19±1 426±50 

 
TOC concentration differences are small in both lakes, but are slightly larger in Stortjärn (7±1 
mg/L vs 8±1 mg/L in Nästjärn and 26±6 mg/L vs. 19±1 mg/L in Stortjärn). Differences 
between occasions are also low for TOC concentrations. Differences in TN concentrations are 
more noticeable in both lakes between sectors as well as between occasions. Stortjärn shows 
a larger difference between sectors here as well, particularly under ice. 
 
Table 5 below describes calculated pools of each substance in both lakes, using both sampling 
strategies and during both occasions. CO2 and DIC pools are displayed in mg C/m2 while TOC 
and TN pools are displayed in mg/m2.  
 
Table 5. Summary of calculated pools of TOC and TN as well as carbon in CO2 and DIC for each lake, occasion and sampling 
strategy. 

Lake State Method 
CO2 (mg 
C/m2) 

DIC (mg 
C/m2) 

TOC 
(mg/m2) 

TN 
(mg/m2) 

Nästjärn Ice-cover Spread 15009 19174 29 1,6 

    Point 14316 17220   

 
Ice-free Spread 7844 17645 29 1,4 

    Point 8634 18181   

Stortjärn Ice-cover Spread 10892 17863 52 1,4 

    Point 9244 21392   

 
Ice-free Spread 6103 8636 49 1,1 

  

Point 6419 9137   

 
Pools show difference both between occasions and between lakes as well as between sampling 
methods. Point sampling in Nästjärn during ice cover shows lower pools of CO2 than those 
obtained through spread sampling. The trend is then reversed when the lake was ice-free 
where point sampling pools are higher than the spread sampling values (Table 5). Stortjärn 
mirrors this pattern. DIC pools in Nästjärn show results similar to CO2 pools in that point 
sampling shows a lower pool under ice and a higher when ice-free, while the DIC pools in 
Stortjärn when using point sampling are higher than the spread sampling values on both 
occasions. Pools of most substances in both lakes lower between ice-covered and ice-free 
conditions. TOC and TN pools however are largely similar both before and after ice had 
melted (Table 5).  
 
In contrast to other results (Tables 1-4) where Stortjärn generally shows higher values, 
Nästjärn has higher pools in CO2, DIC and TN on both occasions (except for point sampled 
DIC where Stortjärn’s pools are higher). Stortjärn does however have a higher pool of TOC. 

 
Table 6 shows the coefficients of variance for all substances in the lakes during both 
occasions. Coefficients are displayed as a percentage. The variance is generally higher in 
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Stortjärn than in Nästjärn (23-31% vs. 5-16% in CO2 for example), except for nitrogen levels. 
Variance also differs between occasions. CO2 variance is higher during the ice-free period and 
the variance in DIC lowers during this occasion. TOC variance is unchanged in Nästjärn and 
lowers in Stortjärn when ice free. Variance lowers between occasions for TN in Nästjärn and 
does not change in Stortjärn. 
 
Table 6. Coefficients of variance in CO2 and DIC for each lake and occasion in percent. 

Lake State CO2 DIC TOC TN 

Nästjärn Ice-cover 5 11 13 17 

  Ice-free 16 4 13 23 

Stortjärn Ice-cover 23 23 19 9 

 
Ice-free 31 11 5 9 

 
3.2 Spatial and vertical variance 
 
Figures 3-6 below show spatial and vertical variance of CO2 and DIC concentrations within 
the lakes. In Stortjärn, CO2 and DIC levels show a noticeable spatial variance. DIC levels in 
Stortjärn also show an apparent variance between sectors, particularly between A and E, 
which is also apparent in table 2. Both CO2 and DIC concentrations become higher with 
increasing depth regardless of lake or occasion. Concentrations also tend to be lower during 
the ice-free period, particularly CO2 concentrations. 
 

  
 
Figure 7. Graphs showing CO2 concentrations in Nästjärn under ice (left) and ice free (right). Each line represents 
one sample site. A thicker line represents the deepest point sampled. 
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Figure 8. Graphs showing CO2 concentrations in Stortjärn under ice (left) and ice free (right). Each line represents 
one sample site. A thicker line represents the deepest point sampled. 
 
 

  
Figure 9. Graphs showing DIC concentrations in Nästjärn under ice (left) and ice free (right). Each line represents 
one sample site. A thicker line represents the deepest point sampled. 
 
 

  
Figure 10. Graphs showing DIC concentrations in Stortjärn under ice (left) and ice free (right). Each line 
represents one sample site. A thicker line represents the deepest point sampled. 
 

Larger and more detailed graphs as well as a table containing all raw data are displayed in 
appendix 1 and 2.  
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4 Discussion 
 
The concentrations of all sampled substances differ between the lakes. In most cases 
Stortjärn has greater concentrations than Nästjärn as displayed in tables 1-4. 
When comparing the different results from the two sampling methods a difference can be 
observed. The coefficients of variance in the different lakes show a spread that in places can 
be quite large, particularly in Stortjärn (Table 6).  
 
A spatial variance in CO2 and DIC is noticeable in Stortjärn between its two basins (Sectors A 
and E specifically, Figure 2) at lower depths while the variance closer to the surface is not as 
large (Figures 8 and 9). In Nästjärn these spatial variances are not present to the same extent 
(Figures 6 and 7) which could suggest that morphometry does influence concentrations, but 
only at the deeper depths. Although the processes themselves do not change due to depth as 
explained by Bartosiewicz et al (2015) where even a shallow lake display evidence of the 
processes happening. Further in this respect, Zhu et al (2010) suggest that the littoral zones 
(close to the shore) may even display a large variance because of its irregularity and shallow 
water. This is not apparent in these two lakes from this study but may be the case in others. 
 
The differences in CO2 concentrations between the two sampling occasions in both lakes 
could be explained by the CO2 exhange between air and water which releases CO2 to the 
atmosphere, making the concentration in the water smaller. This does not take place when 
the lake is covered with ice which would explain the higher concentrations. Concentrations of 
CO2 may also have been altered by high water flows arriving in the spring when snow melts in 
the mountains which could have diluted the concentrations. Concentrations decreasing may 
also be because of photosynthesis starting during spring or transport via outlets as explained 
by Riera et al (1999).  
 
Dynamics of DIC differ from that of CO2. In addition to CO2, this includes carbonates (HCO3 
and CO3). This means that while CO2 might get released to the atmosphere or leave the 
system by other means, other forms may enter the lake by for example inlets or by 
weathering and precipitation or leave the system via outlets (Górka et al. 2011).  
In Stortjärn the loss in DIC was large compared to CO2 loss which could mean that the 
amount of inorganic carbon forms other than CO2 are quite high in comparison to Nästjärn 
(Table 1), however if this was the case the CO2/DIC ratio would be lower in Stortjärn than in 
Nästjärn which is not supported by the data in table 1. This means that while Stortjärn lost 
large amounts of substance, the relative loss was not as large. 
 
Pools of both TOC and TN were largely unchanged between sampling occasions and while 
TOC concentrations were similar between occasions as well, TN concentrations lowered 
during ice-free condiotions in both lakes, most likely due to water flow through the lake and 
out through an outlet, dilution or sedimentation (Wetzel 1983).  
 
Spatial spread of TOC and TN are small overall, but is larger during ice cover. This may be a 
product of mixing where water of different temperatures, and by extension different density, 
move vertically and may thusly alter spatial and vertical variance (Riera et al. 1999). Mixing 
may have occurred between sampling occasions which could have had an effect on spread of 
the substances.Transport into or out of the lake via inlets and outlets may also have effects. 
 
According to Kortelainen et al. (2000), TN and CO2 are positively related to each other which 
would mean that when the CO2 lowers in the spring, TN should lower as well. The results 
from this study supports this as TN levels are indeed lower during the ice free period 
compared to under ice conditions as can be seen in tables 1 and 3. 
 
Pools also differ in most substances between lakes, occasions and methods (table 5). The 
higher CO2 pools in Nästjärn compared to Stortjärn despite higher concentrations being in 
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Stortjärn may come from the higher average depth of Nästjärn. Seasonal and spatial 
differences may vary by the same processes as the concentrations as they are the base for the 
pools. 
 
When analyzing O2 saturation levels, the variance between sample sites both under ice and 
ice free is quite small. However, just as the case of CO2 and DIC concentrations, there is a 
spatial and vertical difference between the basins (Sectors A and E) in Stortjärn. This further 
suggests that morphometry has an impact on the nature of O2 saturation in the lake, as this 
difference is not present in Nästjärn with its simpler morphometry. In Stortjärn there is also 
a variation in concentrations between the deeper basins (Sectors A, B and E) and the shallow 
part (Sector C). This would enforce that morphometry has some impact on lake budget.  
 
The thermocline shows a much smaller spread (figures 5 and 6), which could mean that this 
is not affected by morphometry. A seasonal variance is present as could be expected as the 
sun warms up the surface water during ice-free periods. The thermocline is reversed while ice 
covers the lake because of a near constant temperature at larger depths. 
 
The results from Point sampling do fall within the ranges of uncertainty for all substances 
(tables 1 and 3), but the spatial spread that adds to the deviation cannot be ignored. Based on 
results from this study alone, spread sampling could potentially be a more accurate 
representation of a lake and its substances. However, when considering the amount of time 
Spread sampling takes compared to the Point sampling, ~12 compared to ~1-3 hours, the 
reasonableness of the Spread sampling comes into question depending on the situation.  
The method would also be costlier because of the manpower needed for the added time for 
sampling as well as the required lab work once sampling is done. Based on these facts, the 
more common point sampling seems to be the more viable option when sampling lakes for 
budget calculations. However, this is very dependent on what type of study is performed. 
When sampling a large number of lakes for example throughout the country, point sampling 
may be the method of choice to save time and money. In contrast, when one single, 
morphometrically complex lake or a small number of them are to be analyzed, spread 
sampling might be preferred as it may be a more accurate option. 
 
It should be noted that in some instances results may be somewhat skewed. In some places in 
the Nästjärn spread sampling under ice, the CO2 levels exceeded those of the DIC (Appendix 
1A) which should not be possible as DIC should include CO2 (Górka et al. 2011). These 
discrepancies may come from human error during preparation, sampling, conversion or 
calculation. However, the levels from the spread correspond with the deep point sampling 
just as well as for the ice-free sample occasion which could mean that the mistakes in the CO2 
and DIC levels are possibly minor. 
 

4.1 Conclusion 
The comparison between lakes, occasions and sampling methods show clear differences, both 
spatial and vertical with depth. Morphometry also seems to have a part in lake budget as a 
more complicated one with several basins shows a larger spread and a separate oxycline. 
Stortjärn being more humic than Nästjärn may also have some effect. This speaks for the use 
of spread sampling over point sampling. Point sampling by contrast has the advantage of less 
time consumption and lower cost, but which method to use depends largely on the nature of 
the performed study. A large-scale study may prefer point sampling while a smaller scale 
study, for example when some kind of contaminant threatens a single lake, spread sampling 
may be a more suitable method. Ultimately, more research would have to be done on 
different types of lakes in different states to properly determine usefulness of spread 
sampling since lakes may function differently from the lakes sampled in this experiment
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Appendix 1A. Temp, O2, CO2 and DIC raw data 
 

Lake State Sample 
Depth 
(m) 

Temp 
(°C) O2 (mg/L) CO2 Temp  (°C) CO2 (µM) DIC (µM) 

Nästjärn Ice A2 1 2,1 9,3 
 

204 294 

  
A2 2 3,1 6,8 

 
258 329 

  
A3 1 1,8 8,6 

 
206 240 

  
A3 2 3 6,4 

 
271 407 

  
A3 3 3,4 4,7 

 
363 421 

  
A4 1 2,2 9,2 

 
210 291 

  
A4 2,5 3,3 5,8 

 
300 363 

  
A4 4 3,8 4,3 

 
363 506 

  
A4 5,5 4 2,1 

 
473 553 

  
B2 1 2 8,4 

 
250 231 

  
B2 2 3 6,5 

 
282 287 

  
B3a 1 1,9 8,8 

 
213 207 

  
B3a 2 3,7 4,4 

 
337 305 

  
B3a 4,5 3,9 4,2 

 
356 466 

  
B3b 1 2,1 9,3 

 
193 298 

  
B3b 3 3,7 5 

 
327 481 

  
B3b 5 4 2,5 

 
388 545 

  
C4 0,5 0,9 8,3 

 
242 380 

  
C4 1 2 7,8 

 
259 388 

  
C4 1,5 2,6 7,6 

 
262 359 

  
C4 2 3,1 6,2 

 
283 376 

  
C5a 1 2 9,5 

 
182 326 

  
C5a 2 3,1 7,2 

 
245 323 

  
C5a 3 3,6 4,9 

 
317 311 

  
C5a 4 3,9 4,1 

 
341 410 

  
C5a 5 3,9 3 

 
364 445 

  
C5a 6 4 0,5 

 
491 490 

  
C5a 7 4,1 0,2 

 
509 509 

  
C5b 1 2,2 9,3 

 
195 298 

  
C5b 2,5 3,4 6 

 
299 393 

  
C5b 4 3,8 3,8 

 
349 468 

  
C5b 5,5 4 0,7 

 
495 535 

    C5b 7 4,2 0,3   498 761 

Nästjärn Free A2 1 12,1 10,8 14 30 156 

  
A2 2 9,2 10,7 13 176 159 

  
A3 1 12,2 10,8 15 23 164 

  
A3 2 8,8 10,4 13 43 166 

  
A3 3 6,3 7,3 10 152 395 

  
A4 1 12,1 10,8 14 46 160 

  
A4 2,5 8,3 9,3 12 64 217 

  
A4 4 4,9 4,7 8 290 562 

  
A4 5 4,5 1,8 8 36 569 
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B2 1 12,8 10,6 14 25 157 

  
B2 2 9 10,7 13 50 148 

Lake State Sample 
Depth 
(m) 

Temp 
(°C) O2 (mg/L) CO2 Temp  (°C) CO2 (µM) DIC (µM) 

Nästjärn Free B3a 1 12 10,8 15 26 147 

  
B3a 2 8,9 11 13 45 165 

  
B3a 3 6,3 7,5 10 126 359 

  
B3b 1 11 11 14 26 165 

  
B3b 3 6,5 7,6 11 140 340 

  
B3b 5 4,5 1 8 307 567 

  
C4 0,5 12,7 10,4 13 24 161 

  
C4 1 13,1 10,3 13 45 159 

  
C4 1,5 10,6 11,5 12 23 168 

  
C4 2 8,9 10,6 11 44 151 

  
C5a 1 13 10,3 13 37 156 

  
C5a 2 6 10,6 12 51 184 

  
C5a 3 6,1 7,1 9 158 393 

  
C5a 4 4,7 3,2 8 264 454 

  
C5a 5 4,3 0 7 319 615 

  
C5a 6 4,2 0 7 390 696 

  
C5a 7 4,2 0 7 424 794 

  
C5b 1 10,9 11 9 27 163 

  
C5b 2,5 7,3 8,8 10 78 241 

  
C5b 4 4,9 3,2 8 291 471 

  
C5b 5,5 4,5 0 7 405 734 

    C5b 6 4,4 0 7 450 760 

 
Lake State Sample Depth (m) Temp (°C) O2 (mg/L) CO2 Temp  (°C) CO2 (µM) DIC (µM) 

Stortjärn Ice A3a 1 1,3 9,4 2 197 434 

  
A3a 2 2,5 2 3 427 793 

  
A3a 3 3,4 0,5 3 734 1175 

  
A3b 1 1,4 8,8 3 248 490 

  
A3b 2 2,4 1 3 462 760 

  
A3b 3 3,5 0,3 3 689 1034 

  
A4 1 1,5 9,7 3 176 407 

  
A4 2 2,5 1,6 3 285 611 

  
A4 3 3,5 0,5 4 775 1157 

  
A4 4 3,9 0,3 4 1167 1613 

  
B2a 0,5 0,6 9,1 1 234 411 

  
B2a 1 0,9 8,3 1 213 502 

  
B2b 0,5 1,7 9,8 2 190 391 

  
B2b 1,5 1,7 7,3 2 254 494 

  
B3 0,5 0,9 11,1 1 105 

Broken 
vial 

  
B3 1,5 1,5 6,2 2 195 451 

  
B3 2,5 3,2 1,1 3 618 688 

  
C2a  1 1,6 8,4 3 191 

Broken 
vial 

  
C2a 3 3,4 3,5 3 343 659 
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C2b 0,5 0,8 10,1 2 177 392 

  
C2b 1,5 1,7 6,4 3 235 481 

Lake State Sample Depth (m) Temp (°C) O2 (mg/L) CO2 Temp  (°C) CO2 (µM) DIC (µM) 

Stortjärn Ice C2c 1 2,2 8,4 2,5 171 400 

  
C2c 2,5 3,2 0,6 3 720 781 

  
D3 1 2 8,3 3,5 193 433 

  
D3 2 2,7 4,6 4 319 643 

  
D3 3 3,5 4 4 389 729 

  
D4a 1 1,4 9 2 199 421 

  
D4a 2 2,5 5 2,5 290 552 

  
D4a 3 3,4 3,6 4 432 677 

  
D4a 4,5 4,2 0,4 4 604 855 

  
D4b 1 1,7 8,2 3 215 463 

  
D4b 2 2,8 4,9 3 348 611 

  
D4b 3 3,5 3,8 4 434 737 

  
D4b 4 3,9 1,6 4 424 779 

  
E4 1 1,7 8,8 2 170 386 

  
E4 2 2,6 5,5 3 305 547 

  
E4 3 3,3 4,1 4 458 729 

  
E4 4 4 1,1 4,5 482 800 

  
E5a 1 1,1 8,3 2 196 574 

  
E5a 2 2,4 5,8 3 251 696 

  
E5a 3 3,3 3,9 4 339 826 

  
E5a 4 3,8 0,7 4 516 861 

  
E5a 5 4,1 0,3 4 768 1062 

  
E5a 6 4,5 0,2 5 619 1234 

  
E5b 1 1,2 8,6 2 203 437 

  
E5b 2 2,4 5,2 2 309 427 

  
E5b 3 3,4 3,3 3 443 699 

  
E5b 4 3,9 0,6 4 493 903 

    E5b 5 4,2 0,3 4 623 971 

Stortjärn Free A3a 1 11,2 8,5 12 110 163 

  
A3a 2 7,9 7 11 159 262 

  
A3a 3 6,2 2 9 334 506 

  
A3b 1 11,5 8,6 13 83 171 

  
A3b 2 8,4 7,2 11 157 263 

  
A3b 3 6,6 2,7 10 287 413 

  
A4 1 11,9 9 12 107 164 

  
A4 2 8 6,9 11 166 219 

  
A4 3 6,1 1,3 9 411 545 

  
A4 4 5,5 0,2 8 615 865 

  
B2a 0,5 12,1 9,1 13 349 150 

  
B2a 1 12,1 9,1 12 81 145 

  
B2b 1 12,1 9,2 13 66 132 

  
B2b 2 8,2 5,8 12 102 151 

  
B3 0,5 12,2 9,2 13 66 122 

  
B3 1,5 12,2 9,2 12 92 152 

  
B3 2,5 7,6 5,7 10 212 297 
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C2a 1 10,9 8,1 12 80 147 

  
C2a 3 6,5 2,8 9 383 489 

Lake State Sample Depth (m) Temp (°C) O2 (mg/L) CO2 Temp  (°C) CO2 (µM) DIC (µM) 

Stortjärn Free C2b 0,5 12,1 9,1 13 92 147 

  
C2b 1,5 8,8 7,5 12 103 150 

  
C2c 1 11,8 9 12 77 154 

  
C2c 2,5 7,6 0,2 11 171 291 

  
D3 1 12,4 9,3 13 82 135 

  
D3 2 8,2 7,5 11 140 201 

  
D3 3 7,3 0,1 9 299 394 

  
D4a 1 12,1 9,2 13 58 130 

  
D4a 2 8 7,1 11 153 184 

  
D4a 3 6,6 4,5 9 253 395 

  
D4a 4 5,3 2 8 405 531 

  
D4b 1 11,8 8,8 13 91 146 

  
D4b 2 8,4 7,3 11 201 280 

  
D4b 3 6,9 4,8 10 218 344 

  
D4b 4 5,2 1,1 9 325 514 

  
E4 1 11,8 8,8 12 66 145 

  
E4 2 8,1 7,1 10 177 237 

  
E4 3 6,5 4,3 9 268 386 

  
E4 4 5,5 2,5 7 85 590 

  
E5a 1 11,5 8,7 12 66 137 

  
E5a 2 8,1 7,7 11 166 230 

  
E5a 3 6,9 4,8 9 288 417 

  
E5a 4 5,5 2,4 8 482 557 

  
E5a 5 5,1 0,2 6 530 737 

  
E5a 6 4,9 0 6 591 929 

  
E5b 1 12 9,2 11 79 137 

  
E5b 2 8,3 7,7 10 118 185 

  
E5b 3 6,5 4,5 9 261 409 

  
E5b 4 5,4 1,8 8 408 595 

    E5b 5 5 0,2 7 525 708 
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Appendix 1B. TOC and TN raw data 
 

Lake State Sample TOC (mg/L) TN (µg/L) 

Nästjärn Ice A2 8,8 517 

  
A3 7,9 387 

  
A4 7,8 363 

  
B2 7,2 459 

  
B3a 8,6 570 

  
B3b 6,6 372 

  
C4 8,3 453 

  
C5a 7,3 371 

    C5b 7,2 396 

Nästjärn Free A2 7,0 312 

  
A3 7,4 332 

  
A4 8,5 474 

  
B2 7,0 285 

  
B3a 7,5 319 

  
B3b 7,3 292 

  
C4 6,6 333 

  
C5a 9,5 518 

    C5b 8,2 434 

 
Lake State Sample TOC (mg/L) TN (µg/L) 

Stortjärn Ice A3a 20,9 530 

  A3b 24,5 590 

  A4 33,0 605 

  B2a 27,5 573 

  B2b 23,4 531 

  B3 26,8 557 

  C2a 20,7 473 

  C2b 18,2 446 

  C2c 19,3 502 

  D3 24,4 572 

  D4a 26,6 642 

  D4b 25,1 564 

  E4 23,4 550 

  E5a 23,8 579 

    E5b 24,9 579 

Stortjärn Free A3a 21,4 491 

  A3b 22,0 493 

  A4 21,3 456 

  B2a 20,5 463 

  B2b 20,5 515 

  B3 20,0 469 

  C2a 17,5 413 

  C2b 20,1 478 

  C2c 19,1 408 
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Lake State Sample TOC (mg/L) TN (µg/L) 

Stortjärn Free D3 20,2 426 

  D4a 20,0 425 

  D4b 19,1 395 

  E4 18,9 410 

  E5a 19,5 482 

    E5b 17,8 386 
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Appendix 2. More detailed graphs 
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